Paenibacillus sp. (formerly Bacillus macerans) JJ-1b is able to grow on 3 4-hydroxybenzoate (4HB) as a sole source of carbon and energy, and is known to degrade 4 4HB via the protocatechuate (PCA) 2,3-cleavage pathway. However, none of the genes 5 involved in this pathway have been identified. In this study, we identified and characterized 6 the JJ-1b genes for the 4HB catabolic pathway via the PCA 2,3-cleavage pathway, which 7 consisted of praR and praABEGFDCHI. Based on the enzyme activities of cell extract of 8
INTRODUCTION 1 1
RNA preparation and RT-PCR analysis. JJ-1b cells were grown in W minimal salt 2 medium supplemented with 10 mM 4HB, PCA, or succinate at 37°C. When A 600 reached at 3 about 0.8, the cells were harvested by centrifugation at 5,000 × g at 4°C for 10 min. Total 4 RNA was isolated with ISOGEN (Nippon Gene, Toyama, Japan) and then treated with 5 DNase I (Takara Bio Inc.). Single-stranded cDNA was synthesized from 5.0 µg of total 6
RNA by using PrimeScript reverse transcriptase (Takara Bio Inc.) with random primers in a 7 20 µl reaction mixture. PCR amplification was performed with a 1.0 µl of the cDNA mixture, 8 specific primers (Table S1) , and Ex Taq DNA polymerase (Takara Bio Inc.). A control 9 without reverse transcriptase was used for each reaction to verify the absence of genomic 10 DNA contamination. PCR samples were electrophoresed on a 0.8% agarose gel and 11 visualized with ethidium bromide. 12 
13
Measurement of the promoter activity. The 1.3-kb SacI-SacII fragment carrying 14 praR and the potential pra operon promoter was cloned into the promoter-probe vector 15 pPR9TZ to obtain pPZAR. The 0.6-kb PstI-SacII fragment was also cloned into pPR9TZ to 16 create pPZA carrying only the potential pra operon promoter. Expression of the lacZ reporter 17 gene was determined by β-galactosidase (β-Gal) assays performed as follows. E. coli DH5α 18 cells harboring pPZAR or pPZA were grown in 10 ml of LB medium either with or without 19 10 mM 4HB or PCA at 37°C. After 12 h, cells were harvested and resuspended in Z buffer 20 consisting of 50 mM sodium phosphate buffer (pH 7.0), 10 mM KCl, 1 mM MgSO 4 , and 50 21 mM β-mercaptoethanol. Toluene treatment and β-Gal assays using 22 o-nitrophenyl-β-D-galactopyranoside were performed as described by Miller (38) . The 23 values presented are the average ± standard deviation (error bars) of at least three 1 independent experiments. 2 3 Analytical methods. The protein concentration was determined by the method of 4
Bradford (5). The sizes of the proteins expressed in E. coli were examined by sodium 5 dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-PAGE). The proteins in the 6 gels were stained with Coomassie brilliant blue R-250. To determine the N-terminal amino 7 acid sequence, the crude extract was subjected to SDS-PAGE and electroblotted onto a 8 polyvinylidene difluoride membrane (Bio-Rad, Hercules, Calif.). The enzyme band was cut 9 out and analyzed on a Procise 494 HT Protein Sequencing System (Applied Biosystems, 10
Foster City, CA). GC-MS analysis was performed with a model 5971A instrument equipped 11 with an Ultra-2 capillary column (50 m by 0.2 mm; Agilent Technologies Co., Palo Alto, 12
Calif.). The analytical conditions were the same as those described previously (29). HPLC 13 analysis was performed with an Acquity Ultra Performance LC (Waters) equipped with a 14
TSKgel ODS-140HTP column (2.1 by 100 mm; Tosoh, Tokyo, Japan). The mobile phase 15 was 1% (vol/vol) acetonitrile in water containing 0.1% (vol/vol) phosphoric acid, and the 16 flow rate was 0.5 ml/min. HMA, OCA, and HPD were detected at 303, 228, and 272 nm, 17 respectively. Cloning and nucleotide sequences of the PCA 2,3-cleavage pathway genes. In order 11 to isolate the PCA 2,3-cleavage pathway genes from JJ-1b, we first attempted to isolate the 12 HMS dehydrogenase gene. Based on the sequence similarity among putative 13 5-carboxymethyl-2-hydroxymuconate semialdehyde dehydrogenases from Bacillus cereus 14 NVH 391-98 (ABS21296) and Geobacillus kaustophilus HTA426 (BAD77313), and a 15 putative aldehyde dehydrogenase (AAU25432) from Bacillus licheniformis ATCC 14580, a 16 primer set (E2GF and E2GR) was designed and used to amplify a 563-bp DNA fragment 17 from total DNA of JJ-1b. The nucleotide sequence of this fragment showed 67% identity 18 with that of AAU25432. The resulting PCR fragment was then used as a probe to screen a 19 JJ-1b genomic library, and a positive clone, pCH221 carrying the 3.4-kb HindIII fragment 20 was obtained. The nucleotide sequence of the 3.4-kb HindIII fragment was determined, and 21 two open reading frames (ORFs) named praA and praB were found. The homology search 22 revealed that the praA and praB gene products showed similarity with homoprotocatechuate 23 (HPCA) 2,3-dioxygenases and HMS dehydrogenases, respectively (Table 2 ). To acquire the 1 flanking region of the 3.4-kb HindIII fragment, the colony hybridization and the inverse 2 PCR were performed. As a result, five clones including pCK1, pCE14, pCE3, pCH1, and 3 pBSS were obtained (Fig. 1B) . Using these clones, the nucleotide sequence of the 9,354-bp 4 region was determined. In this region, 10 ORFs containing praA and praB were found. Nine 5 of these ORFs are transcribed in the same direction except for praR, which appeared to 6 encode a putative transcriptional regulator. The gene product of praE, praG, praF, praD, 7 praC, and praI showed similarity with 2-hydroxypenta-2,4-dienoate (HPD) hydratase, 8 acetaldehyde dehydrogenase (acylating), 4-hydroxy-2-oxovalerate (HOV) aldolase, 9 4-oxalocrotonate (OCA) decarboxylase, OCA tautomerase, and 4HB 3-hydroxylase, 10 respectively ( Table 2) . PraH showed similarity with 11 2-amino-3-carboxymuconate-6-semialdehyde (ACMS) decarboxylase (NbaD) from 12
Pseudomonas fluorescens KU-7 (BAC65312), suggesting that praH encodes 5CHMS 13 decarboxylase ( Table 2) . 14 15 Identification of PraA as PCA 2,3-dioxygenase. The praA gene was expressed in E. 16 coli harboring pETA23, which carries praA in pET21a(+). Production of a 31-kDa protein in 17 E. coli BL21(DE3) cells harboring pETA23 was observed by SDS-PAGE (Fig. S1) . 18
Absorption spectral analysis revealed that PCA (λ max = 254 and 290 nm) was converted by 19 crude PraA into a product having a spectrum with maximum at 350 nm ( Fig. 2A) . This 20 spectrum is characteristic of 5CHMS (9). Therefore, it was strongly suggested that praA 21 encodes PCA 2,3-dioxygenase. The specific activity of crude PraA toward PCA was 22 determined to be 32.9 ± 1.8 U/mg. When the reaction mixture was incubated for 20 min, the 23 on September 23, 2017 by guest http://jb.asm.org/ Downloaded from decrease in the absorbance at 350 nm and the increase in the absorbance at 375 nm were 1 observed (Fig. 2B) . According to previous studies (9, 52), this spectrum is characteristic of 2
HMS. 3
The PraA reaction mixture was analyzed by GC-MS. After 10 min reaction, compound 4 I was produced with a retention time of 18.5 min (Fig. S2C) The accumulation of 5CHMS was not observed under the condition, suggesting that 5CHMS 10 was converted to HMS during the extraction and/or analysis process. praD genes were expressed in E. coli BL21(DE3) cells harboring pETB23, pETC23, and 4 pC4D23 respectively. In SDS-PAGE analysis, the molecular masses of the products of praB, 5 praC, and praD were estimated to be 58, 6, and 31 kDa, respectively (Fig. S1 ). 6
The HMS dehydrogenase activity was assayed with crude praB in the presence of 50 7 µM HMS, which was produced by the reaction catalyzed by PraA and spontaneous 8 decarboxylation. The activity of crude PraB for HMS in the presence of NAD + (1.19 ± 0.07 9 U/mg of protein) was about 11 times higher than that achieved with NADP + (0.113 ± 0.009 10 U/mg of protein), indicating that PraB is highly specific for NAD + . Absorption spectral 11 analysis revealed that HMS (λ max = 375 nm) was converted into a product having a spectrum 12 with maximum at 295 nm ( PraC was added to the reaction mixture to allow the sequential reaction to occur. Absorption 20 spectral analysis revealed that HMS was converted into a product having a spectrum with 21 maximum at 236 nm (Fig. 3C ). This spectrum is characteristic of OCA (25), thus, HMA 22 seemed to be converted to OCA by a tautomerization catalyzed by PraC. 23
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Crude PraD was added to the PraC reaction mixture. When the mixture was analyzed 1 by HPLC immediately after the start of the reaction, the peaks with retention times of 0.89 2 and 2.50 min were observed (Fig. 4A to C) . These peaks showed spectrum with maxima at 3 228 and 303 nm, respectively. Therefore, these peaks appeared to be OCA and HMA, 4
respectively, that were formed by keto-enol tautomerization. After 10 min of incubation, a 5 product having a spectrum with maximum at 272 nm was formed in significant amounts 6 with a retention time of 6.03 min (Fig. 4D to F) . Since the absorption maximum at 272 nm at 7 pH 2.0 is characteristic of HPD (52), it was strongly suggested that this compound was HPD. 8
Harayama and coworkers reported that OCA but not HMA was the substrate for OCA 9 decarboxylase (25). Therefore, PraD appeared to catalyze the decarboxylation of OCA to 10 produce HPD. 11
12
Identification of PraI as 4HB 3-hydroxylase. The praI gene was expressed in E. coli 13 BL21(DE3) cells harboring pETI23. In SDS-PAGE analysis, the molecular mass of the praI 14 product was estimated to be 41 kDa (Fig. S1 ). The specific activities of crude PraI for 4HB 15 in the presence of NADH and NADPH were determined to be 0.47 ± 0.01 and 0.36 ± 0.03 16 U/mg, respectively. These results indicated that PraI is able to utilize both NADH and 17 NADPH as cofactors. GC-MS analysis of the PraI reaction mixture showed the 18 disappearance of 4HB, and the formation of a compound with a retention time of 26.6 min 19
were observed (Fig. 5) . This compound was identified as PCA based on the comparison of 20 retention times and mass fragmentation patterns with authentic PCA (data not shown). Thus 21
PraI was concluded to encode 4HB 3-hydroxylase. 22 E. coli acquired the ability to grow on 4HB by introduction of the pra gene cluster. 1
To test whether or not pra genes confer the ability to grow on 4HB on E. coli, DNA 2 fragments derived from pBSK, pBH3, pBE1F, pBE3F, pBH4F, and pBSS were ligated into 3 pBluescript II KS(+) as shown in Fig. S4 . The resulting plasmid, pBRI23 carrying 4 praR-praABEGFDCHI, was introduced into E. coli BL21(DE3) cells, and then the 5 transformant was inoculated on M9 minimal salt medium containing 10 mM 4HB instead of 6 glucose as the sole carbon source. The transformant obtained the ability to grow on 4HB 7 within 10 days (Fig. S4 ). This implies that praR-praABEGFDCHI is the complete gene set 8 for the conversion of 4HB into pyruvate and acetyl-CoA. 9
RT-PCR analysis of the pra genes. To define the operon structure of the pra genes, 11
RT-PCR analysis was carried out with total RNA harvested from JJ-1b cells grown on 4HB 12 or PCA. RT-PCR amplification products of the expected sizes were detected for genes 13 praA-praE, praE-praF, praF-praC, praC-praI, and praR ( Fig. 6A and B) . However, no 14 transcript between praR and praA was observed. These results suggested that 15 praABEGFDCHI are organized in the same transcriptional unit, whereas praR is transcribed 16 separately. As shown in Fig. 6C , amplification products for the pra catabolic genes were not 17 evident, when RNA from succinate-grown cells was used. This indicates that the growth of 18 JJ-1b on 4HB and PCA leads to an increase in the transcription of pra catabolic operon. whether PraR plays a role in the transcriptional regulation of pra genes, the level of 1 expression of the praR-praA′-lacZ fusion in E. coli DH5α cells harboring pPZAR exposed 2 to 4HB or PCA was examined. β-Gal activity was increased 19-fold and 12-fold in the 3 presence of 4HB and PCA, respectively (Fig. 7) . These results suggested that both 4HB and 4 PCA acted as inducers for the pra catabolic operon. E. coli cells harboring pPZA, which 5 includes a praA upstream region but not praR showed constitutive expression (Fig. 7) , 6
suggesting that PraR is a transcriptional repressor of the pra operon. 4HB is transformed to PCA by the reaction catalyzed by PraI, which utilizes both 6 NADH and NADPH as electron donors. 4HB 3-hydroxylase can be divided into two groups 7 on the basis of the coenzyme specificity: (i) NADPH-specific and (ii) NAD(P)H-dependent 8 4HB 3-hydroxylases. A phylogenetic analysis of 4HB 3-hydroxylases indicated that 9 NADPH-specific and NAD(P)H-dependent enzymes are located in the different branches 10 (Fig. S5A) . PraI forms a cluster with a NAD(P)H-dependent enzymes. The deduced amino 11 acid sequence alignment of PraI and NADPH-specific 4HB 3-hydroxylases indicated that 12
Tyr38 and Arg42, which are essential for binding with NADPH (15, 16), are replaced by 13 glutamate and threonine residues, respectively (Fig. S5B) . These residues are highly 14 conserved in the NAD(P)H-dependent 4HB 3-hydroxylases and required for the recognition 15 of NADH (15, 28). 16 PCA 2,3-dioxygenase had been previously purified and biochemically characterized 17 His61, and Glu242, and His195 is thought to act as an active site base to facilitate 13 deprotonation of the hydroxyl group of the substrate (60). These amino acids are conserved 14 among almost all the type II extradiol dioxygenases (14). The alignment of the deduced 15 amino acid sequences between PraA and LigB revealed the presence of the residues His11, 16
His53, His180, and Glu227 of PraA, corresponding to His12, His61, His195, and Glu242, 17 respectively, of LigB. These residues seemed to be involved in the roles described above. 18
When PCA was incubated with crude PraA, 5CHMS produced from PCA underwent 19 spontaneous decarboxylation to HMS. However, no production of 5CHMS from PCA was 20 observed in the reaction mixture containing the crude extract of JJ-1b (9). These facts 21
suggested that 5CHMS decarboxylase encoded by praH plays a role in the decarboxylation 22 cluster with the other known members (Fig. S7) . It has been indicated in ACMS 9 decarboxylase from P. fluorescens (NbaD) that the active site Zn ion is directly coordinated 10 by His9, His11, His177, and Asp294 and the water molecule which is hydrogen-bounded 11 with His228 (32, 34). These residues are essential for the ACMS decarboxylase activity. In 12 the case of PraH, His5, His7, His173, His222, and Asp288 seemed to be involved in the 13 coordination of the Zn ion. 14 praE, praF, and praG are similar to the genes for HPD hydratase, HOV aldolase, and 15 acetaldehyde dehydrogenase, respectively. The corresponding genes were also found in the 16 clusters that encode the aromatic ring-cleavage pathways for 2-aminophenol (61), 17 2-nitrobenzoate (39), and catechol (23, 58). According to the sequence similarity, these gene 18 products most likely have the same functions. The fact that E. coli carrying 19 praR-praABEGFDCHI on a plasmid was able to grow on 4HB as the sole carbon source 20 (Fig. S4) and that the transcription of these genes is induced during the 4HB catabolism ( reported that PCA, β-ketoadipate, 4HB, and homogentisate act as inducers for the PcaU, 6
PcaR, PobR, and HmgR regulatory systems, respectively. RT-PCR analysis and the β-Gal 7 assay of praA promoter ( Fig. 6 and 7) indicated that both 4HB and PCA are inducers of the 8 pra catabolic operon. The promoter activity was constitutively observed, in the absence of 9 praR, suggesting that praR codes for a repressor of the pra catabolic operon. 10 Gene organizations of the pra genes and the catechol meta-cleavage pathway genes on 11 the TOL plasmid pWW0 of P. putida mt-2 (xyl) (18, 23), the naphthalene-catabolic plasmid 12 NAH7 of P. putida G7 (nah) (58), and pVI150 of Pseudomonas sp. CF600 (dmp) (4, 43, 55) 13 are almost identical, with the exception of the presence of praH and praI in the pra operon 14 (Fig. 8) . In the catechol meta-cleavage pathway gene clusters, the HMS hydrolase genes, 15 xylF, nahN, and dmpD are located between the HMS dehydrogenase genes (xylG, nahI, and 16 dmpC) and HPD hydratase genes (xylJ, nahL, and dmpE). However, the HMS hydrolase 17 gene was missing in the pra gene cluster. Moreover, in the neighboring region of the pra 18 gene cluster, the gene corresponding to xylT and nahT which encode chloroplast-type 19 ferredoxin was not observed. 20
In B. licheniformis ATCC 14580 genome (CP000002), the genes related to praH, praR, 21 praB, praD, praC, praA, and praI, organize a gene cluster (Fig. 8) . This cluster contains a 22 gene encoding a putative benzoate transporter (BL03910), but the genes corresponding to 23 praE, praF, and praG were absent. Recently, a draft genome sequence of Geobacillus sp. 1 Y412MC61 has been reported (http://www.jgi.doe.gov/), and a gene cluster containing praH, 2 praR, praB, praE, praG, praF, praD, praC, and praA orthologs was found (Fig. 8) . This 3 gene cluster has a complete set of the PCA 2,3-cleavage pathway genes except for the 4HB and it was incubated at 35°C in a final volume of 1 ml. UV-visible spectra were recorded at 20 intervals of 10 s. (B) The reaction mixture was the same as described above, but UV-visible 21 spectra were recorded at intervals of 4 min. 22 
